There is considerable debate regarding the choice of test for treatment difference in a randomized clinical trial in the presence of competing risks. This question arose in the study of standard and new antiepileptic drugs (SANAD) trial comparing new and standard antiepileptic drugs. This paper provides simulation results for the log-rank test comparing cause-specific hazard rates and Gray's test comparing cause-specific cumulative incidence curves. To inform the analysis of the SANAD trial, competing-risks settings were considered where both events are of interest, events may be negatively correlated, and the degree of correlation may differ in the 2 treatment groups. In settings where there are effects in opposite directions for the 2 event types, a likely situation for the SANAD trial, Gray's test has greater power to detect treatment differences than log-rank analysis. For the epilepsy application, conclusions were qualitatively similar for both log-rank and Gray's tests.
INTRODUCTION
In the statistical literature, the situation where there are several reasons why an event can occur is known as "competing risks." For example, the International League Against Epilepsy has recommended retention time, defined as the time to withdrawal of the randomized drug or addition of another, be one of the primary endpoints for clinical trials of antiepileptic drugs (AEDs) (Commission on antiepileptic drugs, 1998) . Patients may decide to withdraw from such treatment because of unacceptable adverse effects (UAE) or switch to an alternative AED because of inadequate seizure control (ISC). The reduction in side effects may be at the expense of a reduction in seizure control, but it would be hoped that the latter would be within the defined margin of equivalence. Overall analysis of retention time may miss such differential effects of AEDs on the reasons for withdrawal, which may differ in terms of their relative importance for patients. An analysis of one event type which censors those patients who suffer a different event type, at the time they experience that other event, may be misleading because such an analysis assumes that the competing risks are independent or equivalently that such censoring is noninformative (Kalbfleisch and Prentice, 1980) .
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If only administrative censoring, that is, censoring due to the end of the period of observation, occurs within a study, the correlation between censoring and events would be zero, and standard methods for handling censoring are appropriate. However, censoring may occur for reasons related to the treatment received, for example, which may induce correlation between censoring and the event of interest. In this situation, there are similar concerns about the assumption of noninformative censoring in standard methods, and censoring should also be considered a competing risk.
The motivation for this research is the study of standard and new antiepileptic drugs (SANAD) trial, which included time to overall withdrawal as one of its primary outcomes (Marson and others, 2006) . The analysis of this trial involved a second competing-risks situation related to a further outcome, time to first seizure. Since newer AEDs have been developed with the aim of providing similar seizure control, SANAD was designed as an equivalence trial; thus, the analysis includes both an intention-to-treat and a per-protocol approach. In the latter, for patients withdrawn from their randomized AED, first seizure was censored at the point of AED change. Censoring will be due to withdrawal for UAE only. The likely correlation between the event types in both of these competing-risks settings is not clear, and it may be that the correlation differs between treatment groups. However, the data collected do not provide any information regarding these correlations since only data relating to the first event are observed.
Two common methods for testing treatment effects in competing-risks situations are the log-rank test, corresponding to a test of equality of cause-specific hazards, and Gray's test based on the cumulative incidence approach (Fine and Gray, 1999) . The log-rank test censors other event types at the time they occur and assumes that the competing risks are independent. The approach based on cumulative incidence makes no such assumption. This paper has 2 objectives: first, to provide simulation results for the log-rank and Gray's tests for a variety of competing-risks settings where both events are of interest, events may be negatively correlated, and the degree of correlation may differ in the 2 groups being compared; second, to demonstrate the approach to testing of treatment effects in the SANAD trial, as a result of this simulation study.
METHODS

Hypothesis tests for treatment effect
Consider a trial comparing a new treatment (A say) to a standard (B say) in the presence of 2 types of competing causes of events, so that each patient has an associated random vector (T 1 , T 2 ) corresponding to time to type 1 and type 2 events. In practice, only the first event, occurring at T = min(T 1 , T 2 ), and the event type indicator, C = 1 if T 1 < T 2 and C = 2 if T 1 > T 2 , will be observed. The overall survival function is associated with the time to the first event S(t) = P[T > t]. The cause-specific hazard is given by
and the crude cumulative incidence is
where i denotes the event type. Possible null hypotheses for comparing treatments, A and B, are the global null hypotheses H 0 : S A (t) = S B (t), corresponding to no relative benefit on overall events, and cause-specific null hypotheses
for each event type. The notation follows Freidlin and Korn (2005). The null hypothesis H 0 : S A (t) = S B (t) is usually tested using the log-rank test on the time to The influence of competing risks setting 691 the first event, denoted here by W 0 . The cause-specific null hypotheses can be tested by (1) comparing cause-specific hazard rates h A i (t) and h B i (t) using the log-rank test on times to event type i censoring the other event types at the times they occur, denoted by W h i , or (2) comparing cumulative incidence curves I A i (t) and I B i (t) using Gray's test, denoted by W I i .
Simulation study
A simulation study was undertaken to evaluate both tests, W h i and W I i , for detecting treatment differences. As both event types were important in the SANAD trial, results are also presented in terms of the proportion of simulations where correct decisions were made for both event types, that is, rejection of null hypothesis if real effect simulated and no rejection if null effect. Data were simulated from a bivariate exponential distribution as described by Friedlin and Korn (2005) . Event times were generated by applying a monotone increasing marginal transformation (chosen to achieve the required exponential distribution) to bivariate normal random variables.
Hazard ratios of 1.2 and 1.6 were chosen to reflect small and moderate adverse effects, with values of 0.833 and 0.625 reflecting small and moderate beneficial effects of the new treatment relative to the standard on cause-specific time to drug withdrawal. No previous trials have analyzed the competing risks of AED withdrawal; thus, the choice of values was based on clinical guidance suggesting that hazard ratios of 1.1-1.2 may be considered to reflect equivalence, and effects larger than 1.6 were thought to be unlikely. The degree of correlation between drug withdrawal reasons may vary by AED, and hence data were simulated allowing the degree of correlation to differ in the 2 groups. Correlations were selected from the following: −0.8, −0.5, −0.3, −0.2, −0.1, 0, 0.1, 0.2, 0.3, 0.5, 0.8. The extreme values are not anticipated in the epilepsy setting but are provided for completeness. Various settings have been simulated. These include no effect on either failure type, no effect on one failure and an effect on the other, adverse effect on both failure types, and adverse effect on one failure and beneficial effect on the other.
3. RESULTS Table 1 shows the results most relevant to the SANAD trial: settings 7 and 8, defining withdrawal due to ISC as failure type 1 and withdrawal due to UAE as failure type 2, in which drug effects in opposite directions are anticipated for the 2 event types. Negative correlation may be anticipated here since side effects are more likely at higher doses, whereas seizure control is poorer at low doses. The overall analysis ignoring event type has low power to detect differences between treatments when correlations are small and similar in the 2 groups. For both settings, Gray's test is to be preferred in terms of power unless an extreme difference between correlations is anticipated.
Full results are available at http://www.biostatistics.oxfordjournals.org. Results confirm that both tests achieve the correct size when the correlation between event types is equal for both groups. For no effect on the first event type, a beneficial effect on the other, and independent events, the log-rank test achieves its nominal size, whereas Gray's test inflates the type 1 error for the first event type. A beneficial effect of one treatment on the second event type results in more events of type 1 being observed in that group, subsequently creating an apparent difference between the cumulative incidence for the 2 groups for the first event type. When event types are dependent on either treatment group, the size of both tests for the first event type is affected. The performance of Gray's test improves with increasing negative correlation, which has the effect of separating the time distributions for the 2 events. For similarly sized adverse effects on both event types, overall analysis ignoring the event type is the most powerful. Table 2 shows results for both log-rank and Gray's tests for comparisons of AEDs in the SANAD trial. Conclusions are qualitatively similar. There was no evidence of a difference in drug withdrawal due to poor seizure control; however, lamotrigine was superior to carbamazepine in terms of withdrawal due to side effects. Topiramate was superior to gabapentin for drug withdrawal due to poor seizure control but inferior for withdrawal due to side effects. The P-values were considered to be sufficiently small to declare differences as significant despite the potential issues regarding multiple testing.
DISCUSSION
Previous authors have suggested that the comparison of treatment effects should involve application of Gray's test (Marubini and Valsecchi, 2004, p. 357) . However, others disagree (Friedlin and Korn, 2005) . These latter authors concluded from a simulation study that the log-rank test was more appropriate due to the inflated type 1 error of Gray's test for a single event of interest when treatment affects only the other event type. Their simulation study was motivated by examples from the cancer field and examined the situation where only one event type was of interest and the events may be positively correlated. Although such a situation will apply in many clinical areas, settings such as those described in this paper in the epilepsy field, in which both event types are of interest and events may be negatively correlated, were not investigated. More recently, one group has commented "it is usually wise to use both approaches in order to avoid missing any important feature" (Gichangi and Vach, 2006) . We have undertaken a simulation study extending the nature of competing-risks settings investigated beyond those considered by previous authors. In particular, given the epilepsy application, we were interested in understanding the performance of both tests in settings where both event types are of interest, events may be negatively correlated, and the degree of correlation may differ in the 2 treatment groups.
Competing risks of drug withdrawal due to lack of efficacy and lack of tolerability have widespread applicability across other conditions such as Parkinson's disease, migraine, and neuropathic pain. Interest in more than one event type also extends to other areas such as bipolar disorder, where the effect of interventions on the type of first event, manic or depressive, is important. For the past 100 years, a unidimensional model has dominated perspectives on bipolar disorder, with depression and mania being assumed to exist at opposite ends of a single continuum (Gottschalk and others, 1995) , implying that the 2 types of first event, manic or depressive, may be negatively correlated.
Differing correlation in the 2 groups is important to consider, with Gichangi and Vach suggesting that in a cancer trial "one therapy allows a moderate progression, such that, the risk of masking a relapse by a death is small, whereas the other therapy implies a rapid progression such that a relapse is likely to be masked by death." In the epilepsy example, the degree of negative association between efficacy and tolerability due to dose may differ between AEDs. The data collected do not provide any information regarding these correlations, and it is important to explore the effect of differing correlation on the performance of the hypothesis tests considered.
Gray's test has greater power than log-rank analysis to detect treatment differences in settings where there are opposite effects for the 2 event types, a likely situation for the SANAD trial. For this epilepsy application, conclusions were qualitatively similar for both log-rank and Gray's tests in all AED comparisons.
In addition to the overall analysis ignoring event type, it is recommended that both log-rank and Gray's tests be performed for the different event types, unless there is a strong rationale a priori in favor of one approach or the other, based either on previous knowledge or on a more precise definition of the question of interest regarding treatment effect. Graphical displays of the cause-specific hazard and cumulative incidence functions should be provided and should assist the explanation in circumstances where conclusions from the 2 tests differ. If a particular competing-risks setting is not covered by this or previous work, it is recommended that researchers undertake a simulation study to investigate how both tests perform in their setting of interest.
